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Abstract: Two interconnected AC microgrids are proposed based on three renewable energy 
sources (RESs): wind, solar, and biogas. The wind turbine drives a permanent magnet synchronous 
generator (PMSG). A solar photovoltaic system (SPVS) with an appropriate inverter was incorpo-
rated. The biogas genset (BG) consists of a biogas engine coupled with a synchronous generator. 
Two interconnected AC microgrids, M1 and M2, were considered for study in this work. The mi-
crogrid M2 is connected to a diesel engine (DE) characterized by a continuous power supply. The 
distribution power loss  of the interconnected AC microgrids comprises in line loss. The M1 and M2 
losses are modeled as an objective function (OF). The power quality enhancement of the intercon-
nected microgrids will be achieved by minimizing this OF. This research also created a unique fre-
quency control method called virtual inertia control (VIC), which stabilizes the microgrid frequency 
using an optimal controller. In this paper, the following five controllers are studied: a proportional 
integral controller (PI), a fractional order PI controller (FOPI), a fuzzy PI controller (FPI), a fuzzy 
fractional order PI controller (FFOPI), and a VIC based on FFOPI  controller. The five controllers 
were tuned using particle swarm optimization (PSO) to minimize the (OF). The main contribution 
of this paper is the comprehensive study of the performance of interconnected AC microgrids under 
step load disturbances, step changes in wind/solar input power, and eventually grid follow-
ing/forming contingencies as well as the virtual inertia control of renewable energy resources used 
in the structure of the microgrids. 

Keywords: contingency of power system; energy storage system (ESS); fuzzy fractional order PI 
(FFOPI); fuzzy PI (FPI); multi-objective optimization; microgrid; power quality enhancement; par-
ticle swarm optimization (PSO); virtual inertia control 
 

1. Introduction 
The rapid growth of renewable energy sources (RESs) in recent years has been at-

tributed to the growing concerns about environmental factors, greenhouse gases (partic-
ularly CO2), and global warming. As a result, numerous issues with the integration of 
renewable energy into networks as well as their solutions have been discussed in the lit-
erature. The primary traits of RESs that make it difficult to integrate them with the grid 
and the load are the intermittent availability of the input source, which results in  ex-
tremely intermittent power,  inconsistent power output  and low flux density, meaning 
they require more space per unit of power generation than conventional generators, and 
low inertia. 

RESs, such as SPVSs (solar photovoltaic systems) and WECSs (wind energy conver-
sion systems), have lower inertia than conventional sources, limiting the grid’s potential 
to improve stability. 
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Various integrations of RES sources and their data have been discussed in the litera-
ture. The stability of microgrids is of particular interest. Many authors [1] have discussed 
and introduced some aspects of microgrids in the literature. Sustained low frequency de-
viations, as studied in [2–4], are one of the problems in microgrids. Another issue in mi-
crogrid systems is voltage control [5,6]. There is literature that solves these problems sep-
arately and jointly. Because of the intermittent nature of solar and wind power, a backup 
is required. One of the proposals made in [7,8] is inverter-connected battery backup. The 
other option is a connected diesel/biogas power plant [9]. In a wind-solar-a diesel system, 
many control strategies are implemented using various optimizing techniques [10–12]. 
Some proposals on AC and DC microgrids have been made [13,14]. Furthermore, the rate 
of generation deviation in SPVS is extremely high due to cloud changes [15]. An inverter 
connects the SPVS’s PV plant to the power system. As a result, control of the PV unit is 
provided by inverter control [16]. 

Due to its aerodynamic properties, a wind turbine’s output power is proportional to 
the square of the rotor diameter and the cube of the wind speed [17]. In WECSs, a perma-
nent magnet synchronous generator (PMSG) is frequently used. PMSGs, however, are re-
liable and do not require a separate field control system [18]. Power inverters connect 
SPVSs and WECSs to the point of common coupling (PCC). Additionally, the network 
receives virtual inertia from the associated inverter [19]. There is literature that demon-
strates how the virtual inertia of WECSs and SPVSs, which is based on inverters, can al-
most act as conventional generators that can be employed for power grid dynamic stabil-
ity. However, it is necessary to keep an energy buffer [20]. 

As the fuel input for a BG-based Genset can be regulated, a biogas Genset (BG) and 
diesel Genset may be utilized as the controlled generating unit for a low power network, 
such as an SPVS and WECS. In the last decade, urban electrification has advanced dra-
matically. Electrification has occurred in developing countries, but uninterrupted power 
supply remains a problem. These areas have been without power for some time. The pri-
mary causes of disrupted power supply are insufficient grid supplies, reliance on conven-
tional generation, long-length transmission, and the value of urban and industrial parts 
[21,22]. The authors presented numerous microgrid methods based on a review of the 
literature. However, it was not reasonable to donate an interconnected self-sufficient city 
with power availability relying on load segregation and setting the priority loads. To en-
sure an uninterrupted power supply, a stability enhancement for interconnected mi-
crogrids has been proposed to observe network dynamics while transferring power 
among both microgrids. 

The importance of reducing power loss in the production of electricity is being em-
phasized in another effort to reduce CO2 emissions and the effects of global warming. As 
a result, there is little heat produced. The amount of heat that needs to be cooled is modest 
[23–25], so in theory energy conservation can further reduce the price and energy used by 
the cooling apparatus. To minimize online power loss, it is possible to determine the ideal 
reference voltage [26] and the best power flow [27,28] for each microgrid. An offline opti-
mization approach [29] is offered to improve the load sheading machine’s working point 
and reduce loss, but using an offline solution requires optimum operational conditions 
with little to no variable change. Meanwhile, power converter losses are given considera-
tion. 

In the AC microgrid, the converter loss may account for more than half of the total 
distribution loss [30]. Therefore, incorporating it into the control structures would signif-
icantly reduce the distribution power loss. In [31], a function of active and reactive power 
was almost perfectly suited to the entire distribution power loss of two connected AC 
microgrids. The active and reactive power of each generation unit was then divided using 
the optimization algorithm. The objective function of the power loss of each generator unit 
and the AC link between two areas was used to estimate the overall distribution power 
loss of two interconnected AC microgrids, which includes line loss and power loss of each 
region. In order to meet the need of the load according to the objective function, you 
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should also think about splitting power between two locations. Therefore, by offline adap-
tively modifying the controller’s optimal settings, the minimization of the distribution loss 
can be achieved. 

A distributed optimization approach for global distribution loss minimization is 
given with power sharing across generation units [32,33]. The findings of the simulation 
support the proposed control method for lowering the distribution power loss of two con-
nected AC microgrids. 

The final difficulty is enhancing the frequency of the microgrid under the conditions 
of the significant penetration of renewable energy sources. Installing low-inertia power 
generation units through fast-acting energy storage systems (ESS) with virtual inertia con-
trollers, which have been the subject of much recent research [34–41], is one approach. 
Every control method has advantages and limitations of its own. The microgrid system’s 
position enables ideal energy management. To maximize power flow inside the setup, a 
local energy management system may control generators (and presumably also loads). 
Depending on the kind of operation, several objectives are set for energy management: 
grid-connected or an island [42]. The typical goals in the grid-connected mode are to re-
duce the price of the energy import at the PCC, advance the power factor at the PCC, and 
optimize the voltage profile through the microgrid [43]. The primary objectives of power 
management in the islanded mode, as described in [43], are system improvement and the 
encouragement of a high frequency and voltage flexibility. We concentrated on a virtual 
inertia control method intended to reduce frequency deviation issues in islanded AC in-
terconnected microgrids as opposed to the following thorough reviews, which concen-
trated on the implementation of virtual inertia topologies [41], virtual inertia and fre-
quency control for distributed energy generation units [44], and inertia valuation im-
provement in power systems [45]. In particular, we sought to explain why specific control 
methods are more effective under various circumstances and which control methods will 
receive greater attention in the coming years. Finally, we suggest some analyses for the 
AC interconnected microgrid applications’ use of the virtual inertia control approach. In 
this paper, five controllers, i.e., a proportional integral controller (PI), a fractional order PI 
controller (FOPI), a fuzzy PI controller (FPI), a fuzzy fractional order PI controller (FFOPI), 
and a VIC based on FFOPI, are used for controlling the frequency, voltage, and optimal 
power management of two interconnected microgrids. The optimal parameters of the con-
trollers were optimized using particle swarm optimization (PSO). The objective function 
was considered to be the multi-objective function of integral time square error (ITSE) of 
the frequency, voltage, and the total distributed power loss of the two AC interconnected 
microgrids. This model was developed based on realistic city generation availability and 
was tested in a typical scenario. 

Despite the rich literature review, and much research dealing with power quality 
enhancement in interconnected microgrids, the contributions of this paper are manifold. 
(a) The novelty of this modelling, in contrast to [22], is demonstrated to achieve the shar-
ing of the active and reactive power of both generation units and between both microgrids 
through a tie line to guarantee the conception of an uninterrupted power supply. (b) The 
novelty of this work, in addition to [22,26,28], is demonstrated to achieve optimal power 
management for two areas’ interconnected hybrid microgrid systems by using a multi-
objective function equation for minimizing voltage deviation, frequency deviation, and 
the total distribution power loss of the AC interconnected microgrid. (c) In addition to 
[38], the proposed ESS based on virtual inertia control is a grid-forming element that can 
operate with an RES without requiring conventional energy sources. As a result, it im-
proves the supply reliability during grid forming unit outages and solves the frequency 
regulation problem in islanded AC interconnected microgrids. (d) In addition to [46,47], 
under step load disturbances, step changes in wind/solar input power, and severe dis-
turbances such as eventual grid following/forming contingencies, the improvement of the 
system performance using a PI, FOPI, FPI, FFOPID, and VIC based on FFOPI controllers 
for mitigating frequency and voltage oscillation and achieving optimal power 
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management in two AC interconnected microgrids with a multi objective function is in-
vestigated. (e) The PSO technique is utilized to automatically optimize the controller pa-
rameters while considering the system nonlinearity, converters and line dynamics, and 
the interaction components. This technique helps to reduce design work and costs. Addi-
tionally, any other optimization technique may be employed in future work to be com-
pared with the PSO technique. This paper is organized as follows: In Section 2, the system 
under study and the mathematical modelling of the individual components system is ex-
plained. A study of the stability and power quality enhancement problems are discussed, 
and the utilized multi-objective function is stated, in Section 3. FPI and FFOPI block dia-
grams, membership functions, and rules are presented in Section 4, and virtual inertia 
control is proposed in Section 5. The optimization technique PSO is used in the optimiza-
tion of five controller parameters in Section 6. The results and discussions are given in 
Section 7. Finally, Section 8 provides an overview of the provided work’s conclusions. The 
appendix contains the system parameters, a list of symbols, and a list of abbreviations. 

2. System under Study and Mathematical Modelling of the Two Interconnected  
Microgrids Component 

The connected system is modelled under the presumption that microgrid M1 has 50 
kW of excess power that is sent to microgrid M2. Under any circumstance, a steady-state 
variation in the power delivered over the interconnection occurs. Changes in demand or 
generation are handled locally by the microgrid systems. Figure 1 is a single line diagram 
(SLD) that shows the interconnected microgrid system. 

 
Figure 1. SLD of interconnected microgrid system. 

Equations (1) and (2) can be used to express the real and reactive power balance at a 
steady state. 



Energies 2022, 15, 7026 5 of 32 
 

 

𝑃௅஽ =  𝑃ௐ + 𝑃஽ா + 𝑃௉௏ + 𝑃஻ீ ± 𝑃ூ஼ (1)𝑄௅஽ =  𝑄ௐ + 𝑄஽ா + 𝑄௉௏ + 𝑄஻ீ ± 𝑄ூ஼ (2)

Equations (1) and (2) can be expressed as follows for a minor disturbance in power 
flows: 𝛥 𝑃௅஽ = 𝛥 𝑃ௐ +  𝛥 𝑃஽ா +  𝛥 𝑃௉௏ +  𝛥 𝑃஻ீ ± 𝛥 𝑃ூ஼ (3)𝛥𝑄௅஽  =  𝛥𝑄ௐ +  𝛥𝑄஽ா +  𝛥𝑄௉௏ +  𝛥𝑄஻ீ  ±  𝛥𝑄ூ஼ (4)

Real power demand and generation changes would affect the system’s frequency, 
which in the Laplace domain can be expressed as follows: 𝛥 𝐹(𝑆) = 𝐾ிௌ1 + 𝑠 ∗ 𝑇ிௌ (𝛥 𝑃ௐ +  𝛥 𝑃஽ா +  𝛥 𝑃௉௏ +  𝛥 𝑃஻ீ  ±  𝛥 𝑃ூ஼ −  𝛥𝑃௅஽) (5)

The system bus voltage changes as a result of a change in the reactive power mis-
match, as shown by: 𝛥 𝑉(𝑆) = 𝐾௏ௌ1 + 𝑠 ∗ 𝑇௏ௌ (𝛥 𝑄ௐ +  𝛥 𝑄஽ா +  𝛥 𝑄௉௏ +  𝛥 𝑄஻ீ ± 𝛥 𝑄ூ஼ −  𝛥𝑄௅஽) (6)

2.1. Modelling of WECS with PMSG 
A wind turbine with a permanent magnet synchronous generator that is connected 

to the common bus by a transformer and an AC/DC/AC power electronic interface was 
considered as a WECS. An easy line diagram is displayed in Figure 2. The real and reactive 
power flow equations are described by [22]. 𝑃ௐ = (𝑉௜௡ௐ)(𝑉)(𝑠𝑖𝑛 (𝜃௜௡ௐ + 𝜃))𝑋்ௐௌ  (7)

𝑄ௐ = ((𝑉௜௡ௐ)(𝑉)(𝑐𝑜𝑠 (𝜃௜௡ௐ +  𝜃))) − (𝑉ଶ)𝑋்ௐௌ  (8)

In the Laplace domain, a slight disturbance in power flows can be expressed as: 𝛥𝑃ௐ’  (𝑆) = 𝐾ௐଵ𝛥𝑉௜௡ௐ (𝑆) + 𝐾௪ଶ𝛥𝑉(𝑆) + 𝐾௪ଷ𝛥𝑃௜௡ௐ + 𝐾௪ସ𝛥𝜃௜௡௪(𝑆) (9)𝛥𝑄ௐ́ (𝑆) = 𝐾ௐହ𝛥𝑉௜௡ௐ (𝑆) + 𝐾௪଺𝛥𝑉(𝑆) + 𝐾௪଻𝛥𝑃௜௡ௐ +  𝐾௪଼𝛥𝜃௜௡௪(𝑆) (10)

where, 𝐾ௐଵ = డ௉ೈడ௏೔೙ೈ, 𝐾ௐଶ = డ௉ೈడ௏ , 𝐾ௐଷ = డ௉ೈడ௣೔೙ೢ, 𝐾ௐସ = డ௉ೈడఏ೔೙ೢ 

𝐾ௐହ = డொೈడ௏೔೙ೈ, 𝐾ௐ଺ = డொೈడ௏ , 𝐾ௐ଻ = డொೈడ௣೔೙ೢ and 𝐾ௐ଼ = డொೈడఏ೔೙ೢ 

The system’s inertia is credited with the delay as: 𝛥𝑃ௐ(𝑆) = 11 + 𝑆 ∗ 𝑇ௐ  𝛥𝑃ௐ́ (𝑆) (11)

𝛥𝑄ௐ(𝑆) = 11 + 𝑆 ∗ 𝑇ௐଵ  𝛥𝑄ௐ́ (𝑆) (12)

The block diagram of the WECS can be created using Equations (9)–(12), as shown in 
Figure 3. 
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Figure 2. SLD of WECS. 

 
Figure 3. The block diagram of WECS. 

2.2. Modelling of a Solar PV System with an Inverter (SPVS)  
A PV panel generates direct current as its form of power. Therefore, power is routed 

through a DC/DC/AC power electronic interface before connecting to the common bus, 
and it is then connected to the bus by a transformer. In Figure 4, the SLD figure is dis-
played, as in the case of the WECS. The following are the power flow equations that take 
into account internal reactance (XTPV) are described by [22]: 𝑃௉௏ = (𝑉௜௡௉௏)(𝑉)(𝑠𝑖𝑛 (𝜃௜௡௉௏ + 𝜃))𝑋்௉௏ௌ  (13)

𝑄௉௏ = ((𝑉௜௡௉௏)(𝑉)൫𝑐𝑜𝑠 (𝜃௜௡௉௏ +  𝜃)൯) − (𝑉ଶ)𝑋்௉௏ௌ  (14)𝛥𝑃௉௏´  (𝑆) = 𝐾௉௏ଵ𝛥𝑉௜௡௉௏ (𝑆) + 𝐾௉௏ଶ𝛥𝑉(𝑆) + 𝐾௉௏ଷ𝛥𝑝௜௡௉௏(𝑠) + 𝐾௉௏ସ𝛥𝜃௜௡௉௏(𝑆) (15)𝛥𝑄௉௏´  (𝑆) = 𝐾௉௏ହ𝛥𝑉௜௡௉௏ (𝑆) + 𝐾௉௏଺𝛥𝑉(𝑆) +  𝐾௉௏଻𝛥𝑝௜௡௉௏(𝑠) + 𝐾௉௏଼𝛥𝜃௜௡௉௏(𝑆) (16)

where 𝐾௉௏ଵ = డ௉ುೇడ௏೔೙ುೇ , 𝐾௉௏ଶ = డ௉ುೇడ௏ , 𝐾௉௏ଷ = డ௉ುೇడ௉೔೙ುೇ, 𝐾௉௏ସ = డ௉ುೇడఏ೔೙ುೇ, 𝐾௉௏ହ = డொುೇడ௏೔೙ುೇ , 𝐾௉௏଺ = డொುೇడ௏ , 𝐾௉௏଻ = డ௉ொುೇడ௉೔೙ುೇ, and 𝐾௉௏଼ = డொುೇడఏ೔೙ುೇ 

The delay due to inertia of the system is accounted as: 𝛥𝑃௉௏(𝑆) = 11 + 𝑆 ∗ 𝑇௉௏  𝛥𝑃௉௏´  (𝑆) (17)

𝛥𝑄௉௏(𝑆) = 11 + 𝑆 ∗ 𝑇௉௏  𝛥𝑄௉௏´  (𝑆) (18)

Using Equations (15)–(18), the transfer function block diagram of SPVS can be con-
structed as shown in Figure 5. 
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Figure 4. SLD of SPVS. 

 
Figure 5. The block diagram of SPVS. 

2.3. Modelling of BG 
The BG model is based on [22]. Figure 6a,b demonstrate the transfer function block 

diagrams of a real power generation model and a reactive power generation model. 

  
(a) (b) 

Figure 6. (a) Block diagram of real power generation of biogas and (b) block diagram of reactive 
power generation of biogas. 

The voltage regulation operation of the AVR (automatic voltage regulator) and ex-
citer is responsible for controlling reactive power in biogas (Figure 6). The equations for 
real and reactive powers are obtained and provided by considering the dynamic state after 
disregarding the saturation function: 𝛥𝐸௤஻´ (𝑆) = 11 + 𝑆 ∗ 𝑇஻ ൣ𝐾ଵ஻𝛥𝐸௙ௗ஻(𝑆) + 𝐾ଶ஻𝛥𝑉(𝑆)൧ (19)𝛥𝑄஻(𝑆) = 𝐾ଷ஻𝛥𝐸௤஻´ (𝑆) + 𝐾ସ஻𝛥𝑉(𝑆)  (20)

where 
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𝑇஻ = ೏்೚´ ௑೏́௑೏ , 𝐾ଵ஻ = ௑೏́௑೏, 𝐾ଶ஻ = ቀ௑೏ି௑೏́ቁ ୡ୭ୱ(ఋାఏ)௑೏ , 𝐾ଷ஻ = ௏௖௢௦(ఋାఏ)௑೏́  and 𝐾ସ஻ = ா೜ಳ´ ௖௢௦(ఋାఏ)ିଶ௏௑೏́  

2.4. Modelling of DE 
In a power-controlled DE system, the energy delivered daily is left unchanged but 

with a lowered, consistent, and continuous power supply. This keeps the power given by 
the diesel engine constant during the time period. 𝑃஽ா = 𝐸஽ா𝑉ଶ𝑠𝑖𝑛(𝜃ଶ)𝑋஽ா  (21)

𝑄஽ா = 𝐸஽ா𝑉ଶ𝑐𝑜𝑠(𝜃ଶ) − 𝑉ଶଶ𝑋஽ா  (22)

Following a perturbation, Equations (21) and (22) can be written as: 𝛥𝑃஽ா(𝑆) = 𝐾ଵ஽ா𝛥𝜃ଶ(𝑆) + 𝐾ଶ஽ா𝛥𝑉ଶ(𝑆) (23)𝛥𝑄஽ா(𝑆) = 𝐾ଷ஽ா𝛥𝜃ଶ(𝑆) + 𝐾ସ஽ா𝛥𝑉ଶ(𝑆) (24)

where 𝐾ଵ஽ா = డ௉ವಶడఏ , 𝐾ଶ஽ா = డ௉ವಶడ௏ , 𝐾ଷ஽ா = డொವಶడఏ , and 𝐾ସ஽ா = డொವಶడ௏  

2.5. Modelling of AC Interconnection 
The interconnection was modelled taking into account an AC short transmission line. 

The line cannot be regarded as lossless because of its high R/X ratio. Figure 7 displays the 
AC line’s transfer function block diagram. Such a line’s source of power flow is: 𝑃ூ஼ = 𝑉ଵ𝑉ଶ𝑍 𝑐𝑜𝑠(𝜃௭ − Øଵଶ) − 𝑉ଶଶ𝑍ଶ 𝑅௔ (25)

𝑄ூ஼ = 𝑉ଵ𝑉ଶ𝑍 𝑠𝑖𝑛(𝜃௭ − Øଵଶ) − 𝑉ଶଶ𝑍ଶ 𝑋 (26)

where 𝜃௓ is the line’s angle between Ra and X and ϕ12 is the difference between the volt-
age angles of bus 1 and bus 2. The Laplace domain Equations (25) and (26) have the fol-
lowing form for a minor perturbation: 

 
Figure 7. Transfer function block diagram of AC line. 

𝛥𝑃ூ஼(𝑆) = 𝐾ଵூ஼𝛥𝑉ଵ(𝑆) + 𝐾ଶூ஼𝛥𝑉ଶ(𝑆) + 𝐾ଷூ஼𝛥Ø௜௡ଵଶ(𝑆) (27)
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𝛥𝑄ூ஼(𝑆) = 𝐾ସூ஼𝛥𝑉௜௡ଵ(𝑆) + 𝐾ହூ஼𝛥𝑉௜௡ଶ(𝑆) + 𝐾଺ூ஼𝛥Øଵଶ(𝑆) (28)

where 𝐾ଵூ஼ = డ௉಺಴డ௏భ , 𝐾ଶூ஼ = డ௉಺಴డ௏మ , 𝐾ଷூ஼ = డ௉಺಴డØభమ , 𝐾ସூ஼ = డொ಺಴డ௏భ , 𝐾ହூ஼ = డொ಺಴డ௏మ , and 𝐾଺ூ஼ = డொ಺಴డØభమ 

The microgrids were modelled using the above individual models of generation 
units. The data for microgrid M2 was taken from [22,23] and the data for M1 arose from 
slightly changing the data for M2. Four medium-sized villages, each of which is antici-
pated to use roughly 1600 kW of electricity, are served by M2, which was created to satisfy 
their demands. M2 has a maximum diversity demand of 1000 kW. (approx.). The power 
supply has a frequency of 50 Hz and a rated voltage of 1 pu. The M1 model was created 
for a group of both tiny and medium sized settlements. M1 has a nominal generating ca-
pacity of 1150 kW and a maximum demand capacity of 700 kW, 50 Hz, and a rated voltage 
of 1 pu. Table 1 shows the steady state generation characteristics of the two microgrids. In 
total, 50 kW of continuous power are transmitted through an AC link from the M1 mi-
crogrid to the M2 microgrid, and, after losses, 40.6 kW are delivered to the M2 microgrid. 
Table 2 provides a summary of the total power consumption, the power transfer from the 
AC link, and the generation from all the generating units in M1 and M2. 

Table 1. Steady-state generation values for both microgrids. 

Sources 
Real Power (kW) Rated Capacity (kW) 
M1 M2 M1 M2 

DE  0 300 0 350  
BG  350 309.4 550 550 

WECS 200 200 400 400 
SPVS 150 150 200 200 
Total 700 959.4 1150 1500 

Table 2. Energy balance at a steady state in both microgrids. 

 M1 M2 
Local load (kW)  1000 650 

Total generation (kW) 959.4 700 
AC Interconnection (kW) 40.6 −50 

The novelty of this modelling, in contrast to [22,23], is demonstrated to achieve the 
sharing of active and reactive power together for the wind and solar generation units s 
well as between both microgrids to guarantee the conception of an uninterrupted power 
supply through a continuous generation–demand balance. 

3. Fuzzy PI (FPI) and Fuzzy Fractional Order PI (FFOPI) For Interconnected  
Microgrids 

The FPI controller has three coefficients, with these three being the normalized gains 
K1, K2, and K3, as shown in Figure 8a, whereas the FFOPI controller has four coefficients, 
with three of them being the normalized gains K1, K2, and K3 and one being a fractional 
order control system λ, as shown in Figure 8b. The FPI and FFOPI have two inputs named 
error 𝐸 and rate of change of error 𝐶𝐸 and one output. PSO was used to make offline 
tuning for the three parameters for the FPI and four parameters for the FFOPI of each 
controller on the six controllers that are associated with each microgrid and the three con-
trollers responsible for tie lines between them. There are fifteen controllers in the two AC 
interconnected microgrids. PSO was used to search the optimized parameters of the FPI 
and FFOPI controllers to minimize the objective function according to the following equa-
tion: 
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𝐽 = න 𝑡. (|𝛥𝐹ଵଶ(𝑡)| + |𝛥𝐹ଶଶ(𝑡)| + |𝛥𝑉ଵଶ(𝑡)| + |𝛥𝑉ଶଶ(𝑡)| + ห𝛥𝑆௟௢௦௦௧௢௧௔௟మ(𝑡)หஶ
଴ )𝑑𝑡 (29)

The fuzzy logic (FLC) rules are listed as follows in Table 3. Figure 9 show the mem-
bership of output and input, where N = negative, p = positive, SP = small positive, Z = 
zero, SN = small negative, LP = large positive, and LN = large negative [47]. Any crisp 
value is defined in two fuzzy sets thanks to the uniform distribution of the input sets, 
which are triangle and cross neighbor sets with a membership value of 0.5. For ease of 
defuzzification, the output membership functions are assumed to be uniformly distrib-
uted singletons. 

The first phase in the design method was to transfer the PI and FOPI gains to the 
linear fuzzy controller by replacing the known PI and FOPI with a linear FPI and linear 
FFOPI. According to the feed-back error signal e(n), the traditional PI controller and FOPI 
controller signal u(n) at any given time instant n can be stated either in absolute form, as 
in Equations (30) and (31), or incremental form, as in Equations (32)–(34). 𝑢(𝑛) =  𝐾௣ 𝑒(𝑛) + 𝐾ூ 𝛴௜ୀଵ௡  𝑒(𝑛)𝑇௦ (30)𝑢(𝑛) =  𝐾௣ 𝑒(𝑛) + K ூ஛𝛴௜ୀଵ௡  𝑒(𝑛)𝑇௦  (31)𝛥𝑢(𝑛) =  𝐾௣ 𝛥𝑒(𝑛) + 𝐾ூ 𝑇௦ 𝑒(𝑛) (32)𝛥𝑢(𝑛) =  𝐾௣ 𝛥𝑒(𝑛) + K ூ஛ 𝑇௦ 𝑒(𝑛) (33)𝛥𝑒(𝑛) =  𝑒(𝑛) −  𝑒(𝑛 − 1) (34)

where, Ts is the sampling period, Kp and KI are the proportional and integral gains, re-
spectively, and λ is the integral fractional order control system. 

The most often used defuzzification technique uses the concept of the center of grav-
ity and is expressed as follows: 𝑢 =  𝛴௜ୀଵ 𝑢(𝑢௜) 𝑢௜ 𝛴௜ 𝑢(𝑢௜)  (35)

where u(ui) represents the element’s membership grade or weight, which is the result of 
the rule i. 

  
(a) (b) 

Figure 8. Block diagram of controller (a) Fuzzy PI and (b) Fuzzy fractional order PI. 

  
(a) (b) 

Figure 9. Membership for E and CE (a) input membership and (b) output membership. 
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Table 3. Fuzzy rule base. 

E\CE N Z P 
N  LN SN Z 
Z S N Z S P 
P  Z  S P L N 

4. Multi-Objective Function for Interconnected Microgrids 
Numerical simulations were used to demonstrate the stability study (SS) in two in-

terconnected systems for a disturbance, such as an increase in real and reactive power 
demand in both microgrids by each one, increased wind speed, solar radiation, and emer-
gency/recovery from generation. The five controllers can reduce the step disturbance-in-
duced steady-state error in frequency and voltage in the interconnected microgrids.  The 
distribution power loss (DPL) in two interconnected microgrids is composed of eight 
parts: three parts for the first microgrid, which includes the power loss from the wind, PV, 
and biogas sources; four parts for the second microgrid, which includes the power loss 
from the wind, PV, biogas, and diesel engines; and one part for the AC interconnected line 
power  loss. The average conduction losses of the PMSG, rectifier, inverter, and trans-
former are included in the wind power loss, whereas the average conduction losses of the 
DC-DC converter, inverter, and transformer are included in the PV power loss, the aver-
age conduction losses of the synchronous generator are included in the BG power loss, 
the average conduction losses of the diesel engine and transformer are included in the DE 
power loss, and the average conduction losses of the tie-line impedance are included in 
the line power  loss. The distribution power loss of two interconnected microgrids is given 
by: 𝛥𝑆௟௢௦௦ெଵ = 𝛥𝑆௟௢௦௦ௐா஼ௌଵ + 𝛥𝑆௟௢௦௦௉௏ଵ + 𝛥𝑆௟௢௦௦஻ீଵ (36)𝛥𝑆௟௢௦௦ெଶ = 𝛥𝑆௟௢௦௦ௐா஼ௌଶ + 𝛥𝑆௟௢௦௦௉௏ଶ + 𝛥𝑆௟௢௦௦஻ீଶ + 𝛥𝑆௟௢௦௦஽ாଶ (37)𝛥𝑆௟௢௦௦௧௢௧௔௟ = 𝛥𝑆௟௢௦௦ெଵ + 𝛥𝑆௟௢௦௦ெଶ + 𝛥𝑆௟௢௦௦௟௜௡௘ (38)

where 𝛥𝑆௟௢௦௦ௐா஼ௌଵ = ௱௏భమ௑೅ೈೄభ ,  𝛥𝑆௟௢௦௦ௐா஼ௌଶ = ௱௏మమ௑೅ೈೄమ , 𝛥𝑆௟௢௦௦௉௏ௌଵ = ௱௏భమ௑೅ುೇభ, 𝛥𝑆௟௢௦௦௉௏ௌଶ = ௱௏మమ௑೅ುೇమ, 
𝛥𝑆௟௢௦௦஻ீଵ = ௱௏భమ௑೏భ´ , 𝛥𝑆௟௢௦௦஻ீଶ = ௱௏మమ௑೏మ´ , 𝛥𝑆௟௢௦௦஽ாଶ = ௱௏మమ௑ವಶ, and 𝛥𝑆௟௢௦௦௟௜௡௘ = ௱௏మమ௓మ  𝑅௔ + ௱௏మమ௓మ  𝑋 

To guarantee power quality enhancement, the OF must include two terms. The first 
term will achieve stability study by minimizing the OF based on ITSE criteria for the volt-
age and frequency of two interconnected microgrids. The second term will achieve opti-
mal power flow by minimizing the OF based on ITSE criteria for the DPL of two intercon-
nected microgrids. The five controllers’ parameters are tuned using the PSO algorithm for 
minimizing the OF based on ITSE criteria for the voltage, frequency, and distribution 
power loss of two interconnected microgrids, as shown in Equation (39), and the tuned 
values are listed in Tables 4–6. 𝐽 = න 𝑡. (|𝛥𝐹ଵଶ(𝑡)| + |𝛥𝐹ଶଶ(𝑡)| + |𝛥𝑉ଵଶ(𝑡)| + |𝛥𝑉ଶଶ(𝑡)| + ห𝛥𝑆௟௢௦௦௧௢௧௔௟మ(𝑡)หஶ

଴ )𝑑𝑡 (39)
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Table 4. Controller gains of microgrid system M1 for PI, FOPI, FPI, and FFOPI controllers. 

Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller 
Parameters KP KI KP KI λ K1 K2 K3 K1 K2 K3 λ 
Controller1 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.99 
Controller2 −40 −8.4 −50 −18.4 0.99 5555.6 0.0139 0.0663 5555.6 0.0051 0.1923 0.98 
Controller3 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.999 
Controller4 −140 −3 −150 −3 0.965 5555.6 0.0111 0.0635 5555.6 0.0046 0.1895 0.9653 
Controller5 6.04 2.36 6.04 2.36 0.98 76.92 0.0127 0.0307 76.92 0.0127 0.0307 1 
Controller6 −3.15 −25.60 −3.15 −25.60 0.999 500 0.1591 0.0512 500 0.1591 0.0512 1 

Table 5. Controller gains of microgrid system M2 for PI, FOPI, FPI, and FFOPI controllers. 

Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller 
Parameters KP KI KP KI λ K1 K2 K3 K1 K2 K3 λ 
Controller1 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 0.98 
Controller2 −340 −5 −350 −15 0.98 76.92 1.09 × 10−4 4.745 76.92 5.5 × 10−5 13.85 0.889 
Controller3 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 1 
Controller4 240 −5 230 −15 0 76.92 0.0428 4.745 76.92 0.0078 13.85 0 
Controller5 3.76 18.51 3.76 18.51 0.96 76.92 0.0205 0.2406 76.92 0.0205 0.2406 0.899 
Controller6 −1.54 −32.68 −1.54 −32.68 0.978 333.3 0.2195 0.098 333.3 0.2195 0.098 1 

Table 6. Controller gains of AC line for PI, FOPI, FPI, and FFOPI controllers. 

Controllers PI Controller FOPI Controller FPI Controller FFOPI Controller 
Parameters KP KI KP KI λ K1 K2 K3 K1 K2 K3 λ 
Controller7 0.2 1 0.2 1 1 76.92 0.3947 0.013 76.92 0.3947 0.013 1 
Controller8 −40 −8.4 −50 −18.4 0.899 5555.6 0.0139 0.0663 5555.6 0.0051 0.1923 0.98 
Controller9 −340 −5 −350 −15 0.897 76.92 1.09 × 10−4 4.745 76.92 5.5 × 10−5 13.85 0.9868 

5. Virtual Inertia Control for Interconnected Microgrids 
The substitute power for the real synchronous machine is provided by the virtual 

synchronous generator (VSG) [35,39]. In networks with a significant amount of renewable 
energy, this generator can be employed to increase the frequency stability. A particular 
VSG component known as a virtual inertia (VI) is used to make up for a lack of inertia via 
a power injection approach. Active frequency support is not possible due to the limitations 
of the virtual inertia mechanism. To handle nonlinearities in low-inertia systems, an extra 
robust controller is therefore required. The virtual inertia control structure (Figure 10) 
contains a derivative unit, a designed controller FFOPI, virtual inertia control (energy 
storage system and virtual inertia variable gain), and a power limiter (𝛥𝑃௜௡௘௥௧௜௔,௠௔௫, 𝛥𝑃௜௡௘௥௧௜௔,௠௜௡). 

 
Figure 10. Typical structure of a virtual inertia control block. 
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The energy storage system (ESS), which may offer frequency smoothness and balance 
for subsequent dispatch, has emerged during the past ten years as a crucial component in 
renewable energy networks. The following characteristics of the ESS model are distin-
guishable: 𝐺(𝑆) = 1𝑇௏ଵ𝑆 + 1 (40)

Using the ITSE criteria, the FFOPI controller is set to minimize the OF. According to 
the ITSE requirements and as given in Equation (38), the PSO algorithm is used to opti-
mize the FFOPI controller’s parameters. Tables 7–9 include information on the FFOPI’s 
tuned gain parameters. PSO also gives the values of Kv1, Tv1, which are 0.8 and 10, respec-
tively. 

Table 7. FFOPI controller gains of microgrid system M1 in the case of VIC. 

FFOPI  M1 
Controller  K1  K2  K3  λ 

FFOPI1   76.92  0.3947  0.013 0.99 
FFOPI2   5555.6   0.0051  0.1923  0.98 
FFOPI3  76.92   0.3947 0.013   0.999 
FFOPI4  5555.6  0.0046 0.189  0.965 
FFOPI5   76.92  0.0127  0.0307 1 
FFOPI6  500   0.1591  0.0512  1 
FFOPI7  50  0 0 . 05 0.2 0 

Table 8. FFOPI controller gains of microgrid system M2 in the case of VIC. 

FFOPI  M2 
Controller  K1 K2  K3  λ 

FFOPI1  76.92  0.3947   0.013 0.98 
FFOPI2  76.92  5.5 × 10−5  13.85   0.889 
FFOPI3  76.92  0.3947  0.013 1 
FFOPI4  76.92  0.0078  13.85   0 
FFOPI5  76.92   0.0205  0 .2406  0.899 
FFOPI6  333.3   0.2195  0.089   1 
FFOPI7  50  0 0 . 05   0.2 0 

Table 9. FFOPI controller gains of AC line in the case of VIC. 

FFOPI  AC Line 
Controller  K1   K2   K3  λ 

FFOPI8   76.92  0.3947  0.013   1 
FFOPI9   5555.6  0.0051  0.1923  0.98 
FFOPI10   76.92  5.5 × 10−5  13.85   0.8968 

6. Particle Swarm Optimization (PSO) 
PSO replicates a swarm’s collective activity when looking for food. The method is an 

iterative procedure that seeks to locate a solution within a search space that fulfils a fitness 
function [48]. The inherited composite nature, however, has been updated in various ways 
by PSO [46]. The PSO method is predicated on the idea that particles update their location 
and velocity after each iteration. As a result, with each iteration k, the current position X௜௞ 
is modified in accordance with the particle’s new velocity using the personnel best (PB) 
and the global best (GB), as shown in Equations (40) and (41), respectively. 
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X௜௞  =  X௜௞ିଵ + V௜௞ (41)V௜௞  =  w଴. V௜௞ିଵ + cଵ. rଵ. ൫ GB − X୧௞ିଵ൯ + cଶ. rଶ. (PB − X୧௞ିଵ) (42)

For the suggested PI, FOPI, FPI, FFOPI, and VIC based on FFOPI controllers, the PSO 
was employed in this study to improve controllers’ parameters. Figure 11 depicts the PSO 
flow chart for the suggested application on the microgrid. Section 4 provides a thorough 
illustration of the objective function (j). The parameters for the optimization method are 
population = 50; iterations = 70; velocity clamping factor v = 2; cognitive Cଵ = 2; social 
constant Cଶ = 2; minimum inertial constant w୫୧୬ = 0.4; maximum inertia constant w୫ୟ୶ =0.9. The PSO method has only been suggested for results analysis. Additionally, any other 
optimization technique may be employed without greatly affecting on the results. 

 
Figure 11. PSO algorithm flowchart. 

7. Result and Discussion 
The stability study, optimal power management, and virtual inertia control of the 

proposed interconnected two microgrids using five controllers based on PSO through a 
multi-objective function that were investigated by each controller include multiple dis-
turbances. Each controller includes load disturbances, wind speed variation, solar radia-
tion variation, and contingency/recovery of generation. The simulation results of the stud-
ied microgrid were carried out using MATLAB/Simulink software. The PI, FOPI, FPI, 
FFOPI and VIC based on FFOPI controllers using PSO through a multi-objective function 
will be discussed for each disturbance. The data of the system considered for simulation 
studies is given in the Appendix A. 

7.1. Increasing Wind Speed with Load Variation Disturbance 
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The overall power generated on the microgrid increases as a result of the increased 
wind speed output power. This variance results in a power differential between the power 
that is generated and that which is needed, which may affect the microgrid’s power man-
agement and frequency. In this scenario, the wind speed is suddenly increased by 1% in 
both microgrids at zero seconds while the load change demand is maintained at 0.01 pu. 
Without VIC, the inertia of the BG and the virtual inertia of the inverter coupled to the 
PVS and WECS balance out the energy imbalance. Contrarily, with VIC, the energy im-
balance is balanced by the BG’s inertia, the virtual inertia of the inverter connected to the 
PVS and WECS, and then the ESS of VIC, which supports the frequency during the period 
of disturbance until the BG’s isochronous governor reacts to restore the steady-state fre-
quency, thereby improving the frequency response. The change in the frequencies and 
voltages of microgrids M1 and M2 are shown in Figure 12. 

 
(a) 

  
(b) 

Figure 12. Interconnected microgrid’s frequency and voltage measurements versus time for each 
controller at wind speed disturbance: (a) ΔF1 (P.U), ΔF2 (P.U), (b) ΔV1 (P.U), ΔV2 (P.U). 

The dynamic specification (settling time (Ts), overshoot (Os), and undershoot (Us)) 
of frequencies and voltage deviation at each controller can be summarized in Table 10. 

From Table 10, after the comparison of the five controllers, the VIC based on FFOPI 
minimizes overshoots Os and undershoots Us, improves system stability, and reduces the 
settling time Ts of the system for frequency deviation of both interconnected microgrids 
and, as a result, employs VIC based on FFOPI, which offers a superior response in terms 
of frequency enhancement compared to other controllers. 
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Table 10. Dynamic specification of frequencies and voltage deviation for each controller at wind 
speed disturbance. 

Dynamic De-
viation 

M1 
PI FOPI FPI FFOPI VIC Based 

on FFOPI 

Dynamic De-
viation 

M2 
PI  FOPI FPI  FFOPI VIC Based 

on FFOPI 

ΔF1 Ts (S) 3.8  3.5 3.2 3  0.9 ΔF2 Ts (S) 2.5  2.2 1.9  1.5  0.5 
  Os (PU) 
  Us (PU)

1.04 × 10−3 
−1.2 × 10−3 

1.02 × 10−3
−1.3 × 10−3

 0.97 × 10−3
−1.33 × 10−3

0.88 × 10−3
−1.4 × 10−3

3.06 × 10−5
−7.5 × 10−5

   Os (PU) 
   Us (PU)

 2.2 × 10−3
 −2 × 10−3

2 × 10−3
−2.2 × 10−3

1.8 × 10−3
−2 × 10−3

1.5 × 10−3
−2 × 10−3

3.8 × 10−5
−0.12 × 10−3

ΔV1 Ts (S) 9  8.5 8  6.5  1 ΔV2 Ts (S)   9 7 5  4  0.015 
  Os (PU)
  Us (PU)

3.5 × 10−5 
−5.5 × 10−5 

3.55 × 10−5
−5.4 × 10−5

 2 × 10−5
−2.6 × 10−5

 8.3 × 10−6
−1.6 × 10−5

 0
−3.9 × 10−6

   Os (PU)
   Us (PU)

 3 × 10−5
−0.16 × 10−3

2.7 × 10−5
−0.13 × 10−3

2.4 × 10−5
−4 × 10−5

1.3 × 10−5
−1.3 × 10−5

4.7 × 10−7
−2.7 × 10−7

Table 11 demonstrates the power-sharing of each generating unit in two microgrids 
at each controller, balancing for the power differential during this disturbance through a 
multi-objective function which supports the minimum total power loss.  The investigation 
of Figures 13 and 14 can be justified in Table 11. Due to the increase in wind speed dis-
turbance, the new value of the change in the active power of the WECS for both mi-
crogrids, M1 and M2, equals (0.01 * Pw) added to the change in the active power of the 
WECS at step load change only without wind speed disturbance. 

  
(a) 

 
 

(b) 
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(c) 

  
(d) 

  
(e) 

Figure 13. M1 and M2 ’s active power measurements versus time for each controller at wind speed 
disturbance: (a) ΔPPV1 (PU), ΔPPV2 (PU), (b) ΔPtotal 1 (PU), ΔP total 2 (PU), (c) ΔPw1 (PU), ΔPw2 (PU), (d) 
ΔPBG1 (PU), ΔPBG2 (PU), (e) ΔPDE2 (PU), ΔPIC (PU). 

Table 11. Power flow in pu of microgrid system M1 and M2 for each controller at wind speed dis-
turbance. 

M1 Power 
Deviation 

 PI FOPI FPI FFOPI 
VIC Based 
on FFOPI 

M2 Power 
Deviation 

PI FOPI FPI FFOPI 
VIC Based 
on FFOPI 

ΔPBG1 −0.2 × 10−3 −2.6 × 10−5 0.3 × 10−3 0.2 × 10−3 0.6 × 10−3  ΔPBG2 2.7 × 10−3 2.5 × 10−3 2.1 × 10−3 2.2 × 10−3 2.1 × 10−3 
ΔPW1 2.8 × 10−3 3.6 × 10−3 4.3 × 10−3 4.1 × 10−3 5.5 × 10−3  ΔPW2 8.5 × 10−3 8.2 × 10−3 7.3 × 10−3 7.5 × 10−3 7.1 × 10−3 
ΔPPV1 −0.1 × 10−3 0.3 × 10−3 1 × 10−3 0.9 × 10−3 2.2 × 10−3  ΔPPV2 6.2 × 10−3 5.6 × 10−3 4.9 × 10−3 5.1 × 10−3 4.7 × 10−3 
ΔPESS1   -   -   - - −1.7 × 10−3  ΔPESS2 - - - - −0.46 × 10−3 
ΔPIC12 −7.5 × 10−3 −6.2 × 10−3 −4.4 × 10−3 −4.8 × 10−3 −3.4 × 10−3  ΔPIC21 7.5 × 10−3 6.2 × 10−3 4.4 × 10−3 4.8 × 10−3 3.4 × 10−3 
ΔPtotal1 2.5 × 10−3 3.8 × 10−3 5.6 × 10−3 5.2 × 10−3 8.3 × 10−3  ΔPtotal2 17.4 × 10−3 16.3 × 10−3 14.3 × 10−3 14.8 × 10−3 13.9 × 10−3 
ΔQW1 7.3 × 10−3 10.1 × 10−3 4.9 × 10−3 7.3 × 10−3 6 × 10−3  ΔQW2 −2 × 10−3 1.3 × 10−3 3.3 × 10−3 2.1 × 10−3 5.6 × 10−3 
ΔQPV1 12.1 × 10−3 7.9 × 10−3 6.5 × 10−3 8.6 × 10−3 7.2 × 10−3  ΔQPV2 1.3 × 10−3 −0.62 × 10−3 3.9 × 10−3 0.69 × 10−3 −2.82 × 10−5 
ΔQBG1 −0.1 × 10−3 0.1 × 10−3 0.2 × 10−3 0.1 × 10−3 0.3 × 10−3  ΔQBG2 1.37 × 10−3 1.22 × 10−3 1.2 × 10−3 1.21 × 10−3 0.93 × 10−3 
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ΔQIC12 9.3 × 10−3 8.1 × 10−3 1.6 × 10−3 6 × 10−3 3.5 × 10−3  ΔQIC21 −9.3 × 10−3 −8.1 × 10−3 −1.6 × 10−3 −6 × 10−3 −3.5 × 10−3 
ΔQtotal1 19.3 × 10−3 18.1 × 10−3 11.6 × 10−3 16 × 10−3 13.5 × 10−3  ΔQtotal2 0.67 × 10−3  1.9 × 10−3  8.4 × 10−3  4 × 10−3 6.5 × 10−3 

 

  
(a) 

  
(b) 

  
(c) 

  
(d) 

Figure 14. M1 and M2 ’s reactive power measurements versus time for each controller at wind speed 
disturbance: (a) ΔQw1 (PU), ΔQW2 (PU), (b) ΔQPV1 (PU), ΔQPV2 (PU), (c) ΔQ total 1 (PU), ΔQ total 2 (PU), 
(d) ΔQIC (PU), ΔQDE2 (PU). 

As can be seen from Table 11, the ESS acts through VIC as a load to support the fre-
quency.  Equation (38)  can be used to calculate the power loss of two interconnected mi-
crogrids, and the results are 7.6 × 10−9 for the PI controller, 2.7 × 10−9 for the FOPI, 1.96 × 
10−11 for the FPI, 6.3 × 10−12 for the FFOPI, and 2.2 × 10−13 for the VIC based on FFOPI  due 
to the minimum value of power sharing (ΔPIC and ΔQIC) through the tie line at the VIC 
case. As a result, the best frequency performance and the optimal power flow are achieved 
in the case of the VIC based on FFOPI controller. 
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7.2. Increasing Solar Radiation with Load Variation Disturbance 
The overall power generated on the microgrid increases due to an increase in solar 

radiation output power. With this variance, there is a power differential between the 
power that is generated and the power that is demanded, which may affect the mi-
crogrid’s frequency and power management. In this scenario, the solar radiation is ab-
ruptly increased by 1% in both microgrids at zero seconds while the load fluctuation de-
mand is maintained constant at 0.01 P.U. 

Without VIC, the inertia of the BG and the virtual inertia of the inverter coupled to 
the PVS and WECS balance out the energy imbalance. While using VIC, the energy imbal-
ance is balanced by the BG’s inertia, the inverter’s virtual inertia when connected to the 
PVS and WECS, and then the ESS of VIC, which supports the frequency during a disturb-
ance period until the BG’s isochronous governor reacts to recover the steady-state fre-
quency. Figure 15 shows the change in frequencies and voltages of microgrids M1 and 
M2. The dynamic specification (Ts, Os, and Us) of frequencies and voltage deviation at 
each controller can be summarized in Table 12. 

  
(a) 

  
(b) 

Figure 15. Interconnected microgrid’s frequency and voltage measurements versus time for each 
controller at solar radiation disturbance: (a) ΔF1 (P.U), ΔF2 (P.U), (b) ΔV1 (P.U), ΔV2 (P.U). 
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Table 12. Dynamic specification of frequencies and voltage deviation for each controller at solar 
radiation disturbance. 

Dynamic De-
viation 
M1 

 PI FOPI FPI  FFOPI VIC Based 
on FFOPI 

Dynamic De-
viation 
M2 

PI  FOPI  FPI FFOPI VIC Based 
on FFOPI 

ΔF1 Ts (S)  3.8   3.5  3.2 2.8 0.9 ΔF2 Ts (S) 2.8  2.5 1.8  1.1 0.5 
   Os (PU) 
   Us (PU)

0.9 × 10−3 
−0.8 × 10−3 

0.8 × 10−3
−0.9 × 10−3

0.7 × 10−3
−1 × 10−3

 0.6 × 10−3 
−1.1 × 10−3 

 2 × 10−5
−5.4 × 10−5

   Os (PU)
   Us (PU)

1.8 × 10−3
−1.8 × 10−3

1.6 × 10−3
−1.7 × 10−3

1.3 × 10−3
−1.6 × 10−3

1.1 × 10−3
-1.5 × 10−3

2.9 × 10−5
−9.6 × 10−5

ΔV1 Ts (S) 9   8 7 6.5  1 ΔV2 Ts (S)   9 7 5  4  0.025 
   Os (PU)
   Us (PU)

 2.8 × 10−5 
−4.8 × 10−5 

 2.6 × 10−5
−4 × 10−5

 1.6 × 10−5
−1.7 × 10−5

 6.4 × 10−6 
−1 × 10−5 

 0
−3.5 × 10−6

   Os (PU)
   Us (PU)

 3 × 10−5
−0.15 × 10−3

2.1 × 10−5
−0.11 × 10−3

 1.2 × 10−5
−3.8 × 10−5

7 × 10−6
−1.1 × 10−5

1.2 × 10−7
−3 × 10−7

As can be seen from Table 12 and a comparison of the five controllers, the VIC based 
on FFOPI provided the best response properties in terms of the Ts, Os, and Us of the sys-
tem for both frequency deviations of the two interconnected microgrids. As a result, using 
VIC based on FFOPI offered a better response in terms of frequency enhancement when 
compared to the other controllers. 

Table 13 show how the power-sharing of each generation unit in M1 and M2 at each 
controller compensate for the power imbalance during this disturbance through a multi-
objective function to minimize the total power loss. The investigation of Figures 16 and 17 
can be justified in Table 13. Due to the increase in solar radiation disturbance, the new 
value of the change in the active power of the SPVS for both microgrids M1 and M2 equals 
(0.01 * PPV) added to the change in the active power of the SPVS at step load change only 
without solar radiation disturbance. 

  
(a) 

  
(b) 
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(c) 

  
(d) 

  
(e) 

Figure 16. M1 and M2 ’s active power measurements versus time for each controller at solar radiation 
disturbance: (a) ΔPBG1 (PU), ΔPBG2 (PU), (b) ΔPW1 (PU), ΔPW2 (PU), (c) ΔPIC (PU), ΔPtotal 2 (PU), (d) 
ΔPPV1 (PU), ΔPPV2 (PU), (e) ΔPDE2 (PU), ΔPtotal 1 (PU). 
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(a) 

  
(b) 

  
(c) 

  
(d) 

Figure 17. M1 and M2’s reactive power measurements versus time for each controller at solar radia-
tion disturbance: (a) ΔQPV1 (PU), ΔQPV2 (PU), (b) ΔQ total 1 (PU), ΔQ total 2 (PU), (c) ΔQIC (PU), ΔQDE2 
(PU), (d) ΔQW1 (PU), ΔQW2 (PU). 

As can be seen from Table 13, the ESS acts through VIC as a load to support the fre-
quency.  The power loss of the two interconnected microgrids can be calculated using 
Equation (38), which resulted in 7.5 × 10−9 in the case of the PI controller, 2.7 × 10−9 in the 
case of the FOPI, 1.6 × 10−11 in the case of the FPI, 7.3 × 10−12 in the case of the FFOPI, and 
7.1 × 10−14 in the case of the VIC based on FFOPI  due to the minimum value of power 
sharing (ΔPIC and ΔQIC) through the tie line at the VIC case. So, the VIC based on FFOPI 
controller provided a superior response with respect to frequency enhancement and op-
timal power managements compared to the other controllers. 
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Table 13. Power flow in pu of microgrid system M1 and M2 for each controller at solar radiation 
disturbance. 

 M1 Power 
Deviation  PI FOPI FPI FFOPI 

VIC Based 
on FFOPI 

 M2 Power 
Deviation  PI FOPI FPI FFOPI 

VIC Based 
on FFOPI 

ΔPBG1 −0.2 × 10−3 −1.7 × 10−5 0.3 × 10−3 0.2 × 10−3 0.63 × 10−3 ΔPBG2 2.7 × 10−3 2.5 × 10−3 2.1 × 10−3 2.2 × 10−3 2.1 × 10−3 
ΔPW1 -0.2 × 10−3 0.6 × 10−3 1.3 × 10−3 1.1 × 10−3 2.5 × 10−3 ΔPW2 6.3 × 10−3 5.9 × 10−3 5.1 × 10−3 5.3 × 10−3 4.8 × 10−3 
ΔPPV1 2.8 × 10−3 3.2 × 10−3 4.1 × 10−3 3.8 × 10−3 5.1 × 10−3 ΔPPV2 8.5 × 10−3 7.8 × 10−3 7.2 × 10−3 7.3 × 10−3 6.9 × 10−3 
ΔPESS1  -  -   -   - −1.6 × 10−3 ΔPESS2    -   -   -   - −0.41 × 10−3 
ΔPIC12 −7.5 × 10−3 −6.2 × 10−3 −4.4 × 10−3 −4.8 × 10−3 −3.4 × 10−3 ΔPIC21 7.5 × 10−3 6.2 × 10−3 4.4 × 10−3 4.8 × 10−3 3.4 × 10−3 
ΔPtotal1 2.4 × 10−3 3.8 × 10−3 5.7 × 10−3 5.1 × 10−3 8.23 × 10−3 ΔPtotal2 17.5 × 10−3 16.2 × 10−3 14.4 × 10−3 14.8 × 10−3 13.8 × 10−3 
ΔQW1 7.4 × 10−3 10.3 × 10−3 5.1 × 10−3 7.3 × 10−3 6.3 × 10−3 ΔQW2 −1.8 × 10−3 1.5 × 10−3 3.1 × 10−3 2.5 × 10−3 5.6 × 10−3 
ΔQPV1 12 × 10−3 7.8 × 10−3 6.4 × 10−3 8.2 × 10−3 7.1 × 10−3 ΔQPV2 1.2 × 10−3 −0.72 × 10−3 4.1 × 10−3 0.65 × 10−3 −0.2 × 10−3 
ΔQBG1 −0.1 × 10−3 −0.1 × 10−3 0.2 × 10−3 0.2 × 10−3 0.3 × 10−3 ΔQBG2 1.3 × 10−3 1.22 × 10−3 1.1 × 10−3 1.15 × 10−3 0.9 × 10−3 
ΔQIC12 9.3 × 10−3 8 × 10−3 1.7 × 10−3 5.7 × 10−3 3.7 × 10−3 ΔQIC21 −9.3 × 10−3 −8 × 10−3 −1.7 × 10−3 −5.7 × 10−3 −3.7 × 10−3 
ΔQtotal1 19.3 × 10−3  18 × 10−3 11.7 × 10−3 15.7 × 10−3 13.7 × 10−3 ΔQtotal2 0.7 × 10−3 2 × 10−3 8.3 × 10−3 4.3 × 10−3  6.3 × 10−3 

7.3. Contingency Event Disturbances Analysis 
In this section, the microgrid was subjected to a large disturbance that resulted in a 

severe power imbalance, impacting on the frequency and power response as well as a 
brief outage of the tie line. 

Case1: Disconnecting the Tie Line with Load Variation Disturbance 
Other severe disturbances include the sudden outage of the tie line, which prevents 

power from transferring from one microgrid to another. Each microgrid is in charge of 
satisfying the demand load at its PCC. The tie line between two microgrids is activated at 
zero seconds in a sudden outage, while the load change demand is maintained at 0.01 pu 
throughout the simulation period. This variance results in a power differential between 
the power that is generated and that which is required, which may affect the microgrid’s 
power management and frequency. 

The inertia of the BG and the virtual inertia of the inverter instantly linked to the PVS 
and WECS of each microgrid correct for the frequency variation. However, employing the 
ESS could improve stability during a disturbance period until the BG’s isochronous gov-
ernor intervenes to restore the steady-state frequency. Figure 18 displays the variations in 
frequencies and voltages of microgrids M1 and M2. The dynamic specification of frequen-
cies and voltage deviation at each controller can be summarized in Table 14. 

Table 14. Dynamic specification of frequencies and voltage deviation for each controller at discon-
necting tie line. 

Dynamic De-
viation 

M1 
 PI FOPI FPI  FFOPI 

VIC Based 
on FFOPI 

Dynamic Devi-
ation 

M2 
PI  FOPI FPI  FFOPI 

VIC Based 
on FFOPI 

ΔF1 Ts (S)  3.8   3.5  3.2 3 0.9 ΔF2 Ts (S) 2.5  2.2 1.9  1.5  0.5 
  Os (PU) 
  Us (PU) 

9 × 10−3
−4 × 10−3

 8.9 × 10−3 
−3.8 × 10−3 

 8.8 × 10−3
−2 × 10−3

 8.7 × 10−3
−1.8 × 10−3

 3.1 × 10−5 
−0.1 × 10−3 

  Os (PU)
  Us (PU)

3.6 × 10−3
−3.9 × 10−3

 3.4 × 10−3
−3.8 × 10−3

1.7 × 10−3 
−2 × 10−3 

 1.6 × 10−3
−1.8 × 10−3

 3.7 × 10−5
−0.12 × 10−3

ΔV1 Ts (S) 9   8.5 3  2  1.5  ΔV2 Ts (S)   8 7 3 1  0.002 
  Os (PU) 
  Us (PU) 

0
−2.2 × 10−5

 0 
−2 × 10−5 

0
−4.5 × 10−6

 0
−1.6 × 10−6

 0 
−1.7 × 10−6 

   Os (PU)
   Us (PU)

 0
−1.4 × 10−3

0
−1.3 × 10−3

 0 
−7 × 10−6 

0
−3 × 10−6

0
−2.8 × 10−6
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(a) 

  
(b) 

Figure 18. Interconnected microgrid’s frequency and voltage measurements versus time for each 
controller at disconnected tie line disturbance: (a) ΔF1 (P.U), ΔF2 (P.U), (b) ΔV1 (P.U), ΔV2 (P.U). 

As can be seen from Table 14 and a comparison of five controllers, the VIC based on 
FFOPI minimizes the Os and Us, improves system stability, and reduces the Ts of the 
system for both frequency deviations of the two interconnected microgrids; as a result, 
employing VIC offered a superior response in terms of frequency enhancement compared 
to the other controllers. 

Table 15 illustrates the power-sharing of each generating unit in two microgrids at 
each controller balance for the power imbalance during this disturbance through a multi-
objective function which supported the minimum total power loss. Table 15 facilitates the 
investigation of Figure 19. 

Table 15. Power flow in pu of microgrid system M2 and M2 for each controller at disconnecting tie 
line. 

M1 Power 
Deviation 

 PI FOPI FPI FFOPI 
VIC Based 
on FFOPI 

M2 Power 
Deviation 

PI FOPI FPI FFOPI 
VIC Based 
on FFOPI 

ΔPBG1 1.4 × 10−3 1.4 × 10−3 1.3 × 10−3 1.4 × 10−3 1.6 × 10−3  ΔPBG2  1.3 × 10−3 1.3 × 10−3 1.7 × 10−3 1.7 × 10−3 2 × 10−3 
ΔPW1 4.4 × 10−3 4.4 × 10−3 4.4 × 10−3 4.4 × 10−3 5 × 10−3 ΔPW2  15.2 × 10−3 15.2 × 10−3 4.2 × 10−3 4.5 × 10−3 5 × 10−3 
ΔPPV1 4.2 × 10−3 4.2 × 10−3 4.3 × 10−3 4.2 × 10−3 5 × 10−3 ΔPPV2  −6.5 × 10−3 -6.5 × 10−3 4.1 × 10−3 3.8 × 10−3 4.6 × 10−3 
ΔPESS1   -   - -  -  −1.6 × 10−3 ΔPESS2    -   -   - -  −1.6 × 10−3 
ΔPIC12  0  0  0  0 0 ΔPIC21  0  0  0  0  0 
ΔPtotal1 10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 11.5 × 10−3 ΔPtotal2  10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 11.6 × 10−3 
ΔQW1 3.6 × 10−3 5.4 × 10−3 4.1 × 10−3 4.1 × 10−3 4.2 × 10−3 ΔQW2   4.6 × 10−3 9.7 × 10−3 4.6 × 10−3 9.5 × 10−3 9.2 × 10−3 
ΔQPV1 5.7 × 10−3 4 × 10−3 5.3 × 10−3 4.9 × 10−3 5 × 10−3 ΔQPV2  4.6 × 10−3 −0.6 × 10−3 4.6 × 10−3 −4.4 × 10−5 0.2 × 10−3 
ΔQBG1 0.7 × 10−3 0.6 × 10−3 0.6 × 10−3 1 × 10−3 0.8 × 10−3 ΔQBG2  0.8 × 10−3 0.9 × 10−3 0.8 × 10−3 0.54 × 10−3 0.6 × 10−3 
ΔQIC12  0  0  0   0  0 ΔQIC21  0  0  0   0  0 
ΔQtotal1 10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 ΔQtotal2  10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 10 × 10−3 
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Figure 19. M1 and M2 ’s active and reactive power measurements versus time for each controller at 
disconnected tie line disturbance: (a) ΔPW1 (PU), ΔPW2 (PU), (b) ΔPPV1 (PU), ΔPPV2 (PU), (c) ΔPBG1 
(PU), ΔPBG2 (PU), (d) ΔPDE2 (PU), ΔQDE2 (PU), (e) ΔQW1 (PU), ΔQW2 (PU), (f) ΔQPV1 (PU), ΔQPV2 (PU), 
(g) ΔPIC (PU), ΔQIC (PU), ΔQ total 1 (PU), ΔQ total 2 (PU), (h) ΔPtotal 1 (PU), ΔPtotal 2 (PU). 

As can be seen from Table 15, the ESS acts through VIC as a load to support the fre-
quency. Equation (38)  can be used to calculate the power loss of two interconnected mi-
crogrids, and the results are 8.9 × 10−11 for the PI controller, 9.97 × 10−13 for the FOPI, 1.6 × 
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10−13 for the FPI, 6.4 × 10−15 for the FFOPI, and 1.6 × 10−15 for the VIC based on FFOPI. As a 
result, the best frequency performance and the optimal power flow are achieved in the 
case of the VIC based on FFOPI during the disturbance of disconnecting the tie line. 

Based on the analysis of the total power loss at each disturbance, the magnitude of 
the total power loss of two interconnected microgrids at disconnected tie line disturbance 
is smaller than the magnitude of the total power loss at wind speed disturbance and solar 
radiation disturbance due to the lossless power of the tie line in the event of a disconnected 
tie line disturbance. 

8. Conclusions and Perspectives 
The need for clean but intermittent energy sources, as well as for power, is increasing 

in growing countries. Power delivery that is reliable and constant is extremely difficult. 
The use of microgrids has been suggested as a solution to the problem of grid outages. 
There were two types of microgrids taken into consideration, one without diesel engine 
support and the other with diesel engine support. The microgrid M1 was without diesel 
engine support, while the microgrid M2 had diesel engine support. An AC short transmis-
sion line was used to connect these two microgrids. It was suggested that additional 
power produced in M2 is transmitted to M1 to maintain a steady supply of electricity for 
the group of villages represented by M2. Photovoltaic (PV) modules, a WECS, and biogas 
gensets are all forms of renewable energy sources found in the microgrids M1 and M2. In 
order to achieve optimal power management in two AC interconnected microgrids and 
to improve frequency stability, VIC was used to compensate for the lack of inertia using a 
power injection mechanism through a multi-objective function when subjected to differ-
ent disturbances of wind speed variation, solar radiation variation, load variation, and 
generation contingencies. The paper investigated how to tune PI, FOPI, FPI, FPI, FFOPI, 
and VIC based on FFOPI controllers using PSO to mitigate frequency and voltage oscilla-
tion. 

Power imbalances between generated and consumed energy can result from varia-
tions in wind, solar, and other energy sources, which can affect the microgrid’s frequency 
and power management. The inertia of the BG, the virtual inertia of the inverter connected 
to the PVS, and a WECS in the absence of VIC all work together to balance out the energy 
imbalance. But when VIC is present, the compensatory method used in the absence of VIC 
is followed by the ESS’s virtual inertia control,  with the ESS acting as a load to support 
the frequency. The best power-sharing between each generating unit is used in each con-
troller to compensate for the power differential during disturbances  through a multi-ob-
jective function, with the smallest value being recorded for total power loss in the case of 
VIC based on FFOPI controller, compared to the other controllers, due to the minimum 
value of power sharing (ΔPIC and ΔQIC) through the tie line at the VIC case. The results 
demonstrate that, in comparison to the other controllers, the VIC based on FFOPI control-
ler achieves the greatest frequency performance and the optimal power flow. 

The dynamics of the system can be significantly impacted by the severity of contin-
gencies. Due to the inertia of the BG and virtual inertia of the inverter connected to the 
PVSS and WECS of each microgrid in the case of an outage of the tie line, an outage of the 
tie line without VIC affects microgrid stability but not a factor in microgrid instability. The 
VIC based on FFOPI controller provided a reaction that is superior in terms of frequency 
enhancement and optimal power management compared to the other controllers. How-
ever, using the ESS could enhance the stability during the disturbance period until the 
BG’s isochronous governor responds to return the frequency to steady-state. The power 
imbalance during contingency disturbance is balanced by the optimal power-sharing of 
each generation unit at each controller through a multi-objective function which sup-
ported the minimum total power loss in the case of the VIC based on FFOPI controller. 

The voltages and frequencies of both microgrids fluctuate within the allowable limits 
and then settle with zero steady-state error following a disturbance within 0.5s with less 
overshoots/undershoots (3.7e-5/−0.12e-3) using FFOPI based on VIC, which validates the 
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technical feasibility of the model and VIC technique. The power loss of two interconnected 
microgrids recorded 7.5 × 10−9 in the case of the PI controller, 2.7 × 10−9 in the case of the 
FOPI, 1.6 × 10−11 in the case of the FPI, 7.3 × 10−12 in the case of the FFOPI, and 7.1 × 10−14 in 
the case of the VIC based on FFOPI  due to the minimum value of power sharing (ΔPIC and 
ΔQIC) through the tie line at the VIC case for solar radiation disturbance. The magnitude 
of the total power loss of two interconnected microgrids recorded the smallest value, 1.6e-
15, in the case of the VIC based on FFOPI controller due to the lossless power of the tie 
line in the event of a disconnected tie line disturbance. As a result, when compared to 
other controllers, the VIC based on FFOPI controller showed a superior response in terms 
of frequency improvement and ideal power management. 
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Glossary 

List of Symbols P୐ୈ, Q୐ୈ  Active and reactive power demand, respectively P୛, Q୛  Active and reactive power generation from a WECS, respectively 𝑃௜௡ௐ  Controlled active power generation from a WECS 𝑉௜௡ௐ, 𝜃௜௡௪ Controlled voltage and voltage angle generation from a WECS, respectively Pୈ୉, Qୈ୉ Active and reactive power supply from a diesel engine, respectively P୔୚, Q୔୚ Active and reactive power supply from a photovoltaic system, respectively 𝑃௜௡௉௏  Controlled active power generation from a SPVS 𝑉௜௡௉௏, 𝜃௜௡௉௏  Controlled voltage and voltage angle generation from a SPVS, respectively 𝑉ଵ, 𝜃ଵ  Reference voltage and reference voltage angle for M1 𝑉ଶ, 𝜃ଶ  Reference voltage and reference voltage angle for M2 𝜙ଵଶ  Difference between the voltage angles of bus 1 and bus 2 𝑋஽ா  Internal reactance of a diesel engine P୆ୋ, Q୆ୋ Active and reactive power supply from a biogas genset, respectively P୍ େ, Q୍େ  Active and reactive power inflow through interconnection to the microgrid, respec-
tively K୊ୗ, T୊ୗ  Gain and time constants of the system real power, respectively. K୚ୗ, T୚ୗ  Gain and time constants of the system reactive power, respectively D୊ୗ, F୊ୗ  Damping coefficient of the real and reactive power, respectively T୛ୗ, T୔୚ୗ Time constants of the WECS and SPV systems, respectively  X୘୛ୗ, X୘୔୚ Thevenin equivalent reactance of the WECS and SPV, respectively Xୢ, Xᇱୢ  Direct axis synchronous reactance and transient reactance of thelternator, respectively Tୢ ଴ᇱ   Direct axis open-circuit transient time constant T୆ଵ, T୆ଶ, T୆ଷ,Time constants of speed governor, actuator, and engine 
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T୅୆, K୅୆ Voltage regulator time constant and gain constant, respectively T୉୆, K୉୆  Exciter time constant and gain constant, respectively  T୊୆, K୊୆  Stabilizer circuit time constant and gain constant, respectively 
List of Abbreviation 
RES  Renewable energy system 
PCC  Point of common coupling 
VSG  Virtual synchronous generator 
ESS  Energy storage system 
WECS  Wind energy converting system 
SPVS  Solar photovoltaic system 
BG Bio-gas genset 
DE  Diesel engine 
PMSG Permeant magnet synchronous generator 
SLD  Single line diagram 
SS  Stability study 
DPLM  Distribution power loss minimization 
VIC Virtual inertia control 
FFOPID Fuzzy fractional order PID 
PSO  Particle swarm optimization 
ITSE  Integral time square error 
OF  Objective function based on Equation (39) 

Appendix A 
According to the load and generation values given in Section 2, all the parameters 

have been calculated and listed in this appendix section with the time and gain constants 
that have been used to solve the model. 

Microgrid 1 parameters 𝐷ிௌ = 𝜕𝑃௅𝜕𝑓 = 𝑃௅𝑃ோ ∗ 𝐹 = 0.03 𝑃𝑈. 𝑘𝑊/ 𝐻𝑧 

𝐾ிௌ = 1𝐷ிௌ = 88.46 𝐻𝑧/𝑃𝑈. 𝑘𝑊𝑇ிௌ = 15𝑠 

𝐷௏ௌ = 𝜕𝑄௅𝜕𝑉 = 𝑄௅𝑄ோ ∗ 𝑉 = 𝑃௅𝑃ோ ∗ 𝐹 = 0.57 𝑃𝑈. 𝑘𝑉𝐴𝑅/𝑃𝑈. 𝑘𝑉 
𝐾௏ௌ = 1𝐷௏ௌ = 1.77 𝑃𝑈. 𝑘𝑉/𝑃𝑈. 𝑘𝑉𝐴𝑅𝑇௏ௌ = 0.002513𝑠 

Table A1. Microgrid 1 parameters values. 

Biogas1 WECS1  SPVS1 
PBG = 0.3043 pu QBG = 0.1473 pu  PW = 0.1739 pu QW = 0.2126 pu  Ppv = 0.1304 pu Qpv = 0.1621 pu  

Xd = 1 pu X’d = 0.15 pu T’d0 = 5 s TB = 0.75 
s TB1 = 0.01 s TB2 = 0.02 s TB3 = 0.15 s TB4 = 
0.2 s TB5 = 0.014 TB6 = 0.04 s TB7 = 0.036 s 

KAB = 200 TAB = 0.05 s KEB = 1 TEB = 2 s KFB 
= 0.5 TFB = 1 s K1B = 0.15 K2B = 0.846 K3B = 

2.86 K4B = −3.039  

XTWS = 0.36 pu TW = 1 s TW1 = 0.001 s 
KW1 = 2.99 KW2 = 2.99 KW3 = 0.161 

KW4 = 0.17 KW5 = −0.17 KW6 = −0.17 
KW7 = 2.124 KW8 = −2.57 

XTPVS = 0.36 pu TPV = 0.001 s KPV1 = 2.94 
KPV2 = 2.94 KPV3 = 0.12 KPV4 = 0.13 KPV5 = 
−0.13 KPV6 = −0.13 KPV7 = 2.78 KPV8 = −2.61 

Microgrid 2 parameters 𝐷ிௌ = 𝜕𝑃௅𝜕𝑓 = 𝑃௅𝑃ோ ∗ 𝐹 = 0.0133 𝑃𝑈. 𝑘𝑊/ 𝐻𝑧 
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 𝐾ிௌ = 1𝐷ிௌ = 75 𝐻𝑧/𝑃𝑈. 𝑘𝑊𝑇ிௌ = 15𝑠 
𝐷௏ௌ = 𝜕𝑄௅𝜕𝑉 = 𝑄௅𝑄ோ ∗ 𝑉 = 𝑃௅𝑃ோ ∗ 𝐹 = 0.67 𝑃𝑈. 𝑘𝑉𝐴𝑅/𝑃𝑈. 𝑘𝑉 

𝐾௏ௌ = 1𝐷௏ௌ = 1.5 𝑃𝑈. 𝑘𝑉/𝑃𝑈. 𝑘𝑉𝐴𝑅𝑇௏ௌ = 0.00212𝑠 

Table A2. Microgrid 2 parameters values. 

Biogas2 WECS2 SPVS2 
PBG = 0.2062 pu QBG = 0.0998 pu  PW = 0.1333 pu QW = 0.1658 pu  Ppv = 0.1304 pu Qpv = 0.1621 pu  

 Xd = 1 pu X’d = 0.15 pu T’d0 = 5 s TB = 0.75 s 
TB1 = 0.01 s TB2 = 0.02 s TB3 = 0.15 s TB4 = 0.2 s 

TB5 = 0.014s TB6 = 0.04 s TB7 = 0.036 s KAB = 
200 TAB = 0.05 s KEB = 1 TEB = 2 s KFB = 0.5  TFB 
= 1 s K1B = 0.15 K2B = 0.847 K3B = 2.44 K4B = −2. 

34  

XTWS = 0.47 pu TW = 1 s TW1 = 0.001 s 
KW1 = 2.99 KW2 = 2.293 KW3 = 0.123 KW4 
= −0.133 KW5 = −0.133 KW6 = −0.13 KW7 = 

2.12 KW8 = −1.96 

XTPVS = 0.36 pu TPV = 0.001 s KPV1 = 
2.25 KPV2 = 2.25 KPV3 = 0.094 KPV4 = 
0.1 KPV5 = −0.1 KPV6 = -−0.1 KPV7 = 

2.13 KPV8 = −2  

Table A3. Diesel engine and AC tie line parameters values. 

DE Interconnection Data 
PDE = 0.2 pu QDE = 0.09686 pu  R = 0.05 pu X = 0.00676 pu PRES = 50 KW PIRES = 40.6 KW  

 K1DE = −2.874 K2DE = 0.2  
K3DE = 0.2 K4DE = −2.681 

Ploss = 9.39 KW K1 = 19.68 K2 = −19.61 K3 = 2.364 K4 = 2.364 
K5 = −2.95 K6 = −19.68 
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